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ABSTRACT 
A theoretical model was developed to analyze the condensation of 
sulfuric acid from power plant flue gas onto the surfaces of a 
regenerative • air preheater (APH). The model, which is based on the 
Chilton-Colburn heat/mass transfer analogy, provides a means of 
predicting the mass transfer response of the APH to variations in 
power plant operating conditions. The results indicate that the use 
of a steam air heater (SAH) to raise the temperature of the incoming 
air and combustion of coal with low levels of excess air are both 
effective means of reducing condensation within the APB. When these 
computational results were compared with the findings of two other 
theoretical analyses (laminar finite difference mass transfer analysis 
and a condensation model by Land), good qualitative agreement was 
obtained. 
The Deposition Sampler is an instrument used to monitor acid 
condensation • 1n the gas inlet duct to the APB. Condensation rates 
were calculated from existing Deposition Sampler data as a function of 
surface· temperature and S03 concentration of the flue gas. The 
acid condensation rates within the APH flow passages predicted from 
( 
the experimentally determined Sampler condensation rates agreed 
qualitatively with the results of the theoretical Chilton-Colburn 
model, especially at a high level of excess air. 
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The analyses carried out in this investigation point out the 
need for more extensive Deposition Sampler data. In particular, more 
data are needed at surface temperatures beneath 75 degrees Celsius so 
that mass transfer calculations can be made when APH metal 
temperatures fall into that range. In addition, more data are needed 
relating the level of excess air to the concentration of S03 in the 
flue gas . 
. i .. r 2 
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CHAPTER 1 
INTRODUCTION 
When a fuel containing sulfur, such as coal, is burned with 
excess air, sulfur trioxide, S03 , is produced. As the combustion 
gases are cooled, the S03 reacts with water vapor to form sulfuric 
acid, H2So4 . At temperature levels typically seen in the cold end of 
the air preheater (APB) in a coal-fired power plant (see Figures 1-1), 
the sulfuric acid vapor condenses onto the metal surface of the heat 
exchanger, subsequently causing corrosion of that surface. In 
addition, fly ash particles combine with liquid condensate to form a 
deposit which adheres to the surface of the heat exchanger and can 
cause blocking of the flow passages. Quite obviously, these are 
effects which are detrimental to power plant performance. The 
corrosion can severely shorten the life of certain sections of the 
APH, while the plugging of the flow passages reduces the heat 
exchanger effectiveness, and leads to increased fan power 
requirements. A knowledge of how the rates of condensation within the 
APH are affected by certain power plant parameters would be extremely 
useful in establishing an optimal operating condition. 
/ 
Sulfuric acid vapor condenses out of combustion gas when the 
temperature of the gas is dropped below its dewpoint. The acid 
3 
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Figure 1-la The rotating regenerative air preheater (APB) 
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dewpoint of flue gas is known to be a very strong function of the 
concentration or·so3 . Increasing levels of S03 result in increasingly 
higher acid dewpoints. 
\ 
In addition, the concentration of S03 
represents the driving potential for mass transfer. Thus, the 
quantity of sulfur trioxide present in the flue gas has a strong 
effect as to where within the air preheater condensation begins to 
occur and what rate it will proceed at. Factors affecting the level 
of S03 in the gas include the combustion temperature, percentage of 
sulfur in the coal, and amount of excess air used to burn the fuel. 
Some of the parameters which dictate the levels of condensation 
throughout the APB can be controlled to a certain extent. 
Specifically, the amount of excess air used during combustion as well 
as the cold end temperature of the heat exchanger are important 
controllable parameters. The amount of S03 in the combustion gases 
can be limited by operating at reduced levels of excess air. Further, 
cold end APH metal temperatures can be raised by preheating the 
incoming air through the use of a steam air heater (SAH). The most 
suitable operating condition, however, is not a clear cut choice as it 
may seem. A minimization of the corrosion problem may in turn cause 
an overall reduction in operating eff icienc.y. Therefore, a compromise 
has to be drawn between these two competing effects. 
There has been a significant amount of investigation, both 
theoretical and experimental, into the phenomenon of sulfuric acid 
condensation from flue gases. The research encompasses topics ranging 
5 
.. 
., 
'/• I • 
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from the study of the chemical kinetics of S02 , 803 and u2so4 
formation to the use of additives in the fuel to inhibit corrosion. 
In as much as this study is concerned strictly with the prediction of 
condensation rates of sulfuric acid for given power plant operating 
conditions, a brief review of previous work done was limited to this 
specific area. 
Perhaps the most fundamental research area has been geared 
towards the determination of the dewpoint oi a mixture of gases 
containing S03 . Abel [1]*, and Gmitro and Vermeulen [2] calculated 
the partial pressures of the vapor phase (B20, H2so4 and S03) over 
liquid 
Their 
sulfuric acid for acid strengths and temperatures . • various 
analyses were based on concepts derived from multiphase 
thermodynamic equilibrium considerations and required the knowledge of 
both and partial molal data for the 
• various pure component 
constituents. 
Before reliable thermodynamic data were available, experimental 
research was the only source of dewpoint data. These experimental 
methods etolved from t•6 different approaches. In the first approach, 
an apparatus was developed such that a mixture of gas containing a 
known level of S03 could be passed over a surface of known 
temperature. Furthermore, the design was such that the condensate, if 
• 
present, could be extracted from the system and analyzed to determine 
* Numbers in brackets indicate references 
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its total mass and composition. Through this type of experiment, not 
only could the dewpoint be established, but so could the rates of 
condensation for surface temperatures below the dewpoint. One of the 
pioneers in this area was H.D. Taylor.· In addition to evaluating the 
dewpoint for • various concentrations of H20 and 803 within the flue 
gas, Taylor showed that the condensation rates reached a maximum value 
at a temperature which was 45-50 degrees Celsius below the dewpoint 
[3]. A qualitative explanation of this phenomenon is that as the 
temperature drops below the dewpoint, the acid begins to condense as a 
mist within the gas stream. As the temperature continues to decline, 
these mist particles grow and eventually reach a point where they are 
not able to diffuse as readily to the surface, thus reducing the 
amount of acid build-up by film condensation on a cold surface. 
Rylands and Jenkinson [4] performed similar experiments and reached 
conclusions about this phenomenon which were in agreement with Taylor. 
A second experimental approach which has been used extensively 
is based on the detection of a change in electrical conductivity which 
occurs when a film of acid condenses between two electrodes. Flint 
[5] described the design and construction of an electrical dewpoint 
apparatus in detail while Land [6] attempted to defend the accuracy 
and significance of the results obtained using this meter. 
Research at Lehigh University into the acid condensation problem 
has involved the use of both forms of instrumentation. The Land 
Dewpoint Meter, described in concept in the preceeding paragraph, was \ 
J 
7 
/ 
.. 
found to give erroneous results when inserted into an actual stream of 
combustion gases in a pulverized coal system operating with low levels 
of combustion [7] . The conclusion was that the surface of the 
sensing element became covered with fly ash deposits from the flue 
gas, which in turn altered the amount of electrical conductivity 
sensed by the meter. A second instrument used was the CERL Deposition 
Sampler [8]. This device, which falls into the first class of 
instruments, was designed such that a constant temperature can be 
maintained on its surface. This surface was mounted flush with the 
wall in the inlet gas duct to the APB as illustrated in Figure 1-2. 
After a period of time, a layer of acid collected on the surface. 
This layer was removed from the deposition surface and chemically 
analyzed. By • varying the temperature of the surface and the S03 
concentration of the gas, condensation rates were determined for a 
variety of operating conditions. 
The Deposition Sampler data were intended to be used to help 
pred·ict the rate of acid condensation onto the surfaces of the APB. 
However, differences exist between the mass transfer environments seen 
by these two devices which may prevent the data from being directly 
applied. One possible source of discrepancy is that the flow of gas 
past the Sampler is highly turbulent (Re0~0(l06)) whereas the flow 
} 
within the comparatively tiny passages of the APB is characterized as 
being high laminar to low Reynolds' number turbulent (1000<Re0~.3000) . 
Another difference concerns the equilibrium for the chemical reaction 
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(1.1) 
Figure 1-3 shows the percent,ge conversion of S03 to H2
So4 as a 
function of reaction temperature. At temperatures seen in the 
cold 
end of the APH, the curve indicates that essentially all of the su
lfur 
exists as sulfuric acid. By contrast, the same figure 
illustrates 
that the range of temperatures which exists in the gas 
inlet duct, 
where the Deposition Sampler is situated, represents a r
egion where 
sharp changes occur in the equilibrium composition. Hence
, it may be 
difficult to predict the free stream B2so4 concentration, a
nd the mass 
transfer driving potential is likely to be different p~st 
the Sampler 
than it is in the cold end of the heat exchanger. Conseque
ntly, it is 
the Deposition Sampler's results are known how useful 
• 
lil 
not 
representing the mass transfer process within the air preh
eater. 
Finally, there has been some analytical work done in the area
 of 
modelling. the ·condensation rates associated with the fo
rmation of 
sulfuric acid mist (or fog) in the gas stream. Land derived equations 
for the extreme cases of "no fog formation" and "no super-
saturation" 
w-hich 
• give upper and lower bounds, respectively, on the he claimed 
deposition rates seen in industrial practice. His equation 
for "no fog 
formation" is based on a mass transfer model, while the e
quation for 
"no super-saturation" is intended to represent the mass tran
sfer rates 
in a gas which remains saturated with H2so4 vapor at each 
point from 
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the surface at which condensation occurs to the main stream. Land's 
·i 
concept was applied to the rotating air heater problem by Frisch [9], 
although no explicit mass transfer results were given. Since the 
equations used to model the effect of fog formation are not based on 
the phyfics of this phenomenon, their practical usefullness is subject 
to question. 
The primary objective of this study was to develop an analytical 
model which can be used to predict the rates of precipitation of 
r• 
sulfuric acid within the APH for a variety of power plant operating 
conditions. An additional task was to evaluate the extent to which 
the Deposition Sampler data can be applied to the APB mass transfer 
problem. This was to be accomplished by performing a condensation 
analysis of the air preheater using the Sampler data and comparing the 
results to those of the analytical model. The results of this study 
are intended to provide a simple, yet efficient, tool for optimizing 
power plant performance. 
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CHAPTER 2 
THEORETICAL DEVELOPMENT 
" 
2.1 Steady condensation onto the Deposition Sampler 
2.1.1 Introduction 
The transport processes taking place within the APB are unsteady 
and very complex in nature. The approach taken in this investigation 
was to first develop a model which analyzes a much simpler problem, 
that of condensation onto the Deposition Sampler surface. 
Modifications were then made in a systematic way to increase the 
complexity of the analysis until a realistic representation of the APB 
flow phenomenon was attained. In this way, the relative importance of 
each physical effect was isolated, and an objective judgement was made 
as to which effects should be retained in the final model. 
The Deposition Sampler was modeled as an isothermal flat plate 
situated in a steady stream o·f gas. At temperatures beneath the acid 
dewpoint, liquid condensate is formed on the deposition surface. 
Since the concentration of the condensible vapor which exists at the 
liquid/vapor interface will, in general, be different than the free 
stream concentration, a gas-phase driving potential for mass transfer 
is created. 
I 
I 
i f 
t 13 
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The equations governing mass transfer can be written in a form 
which • lS similar to that governing heat transfer. For instance, if 
typical boundary layer assumptions are invoked for the Deposition 
Sampler flow regime, the mean energy and diffusion equations reduce to 
Energy aT ar u- + v-oz ay 
Diffusion of 
species "a" 
(2 .1) 
(2. 2) 
for steady, two-dimensional, constant property flow over a flat plate 
where only ordinary diffusion (due to a concentration gradient) is 
considered. If, in addition, th~ boundary conditions are analogous 
for the temperature and concentration fields, then the two solutions 
are similar to one another. 
In solving turbulent problems involving simultaneous heat and 
mass transfer, the Chilton-Colburn analogy utilizes the inherent 
similarity between the governing equations to simplify the analysis. 
The Chilton-Colburn j-factors (10] are defined as; 
Heat transfer 
. 
' 
h (Pr)2/3 
pCpU (2.3) 
14 
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• 
Mass transfer u 
(Sc)2/3 (2.4) 
By setting jH ~= jD, an expression was derived for the mass transfer 
coefficient, h0 , as a function of the heat transfer coefficient, h. 
Subsequently, the mass transfer rate was calculated from; 
• 
where (Cab 
species "a". 
h0 (C b - C .) a a1 (2.5) 
C .) is the mass concentration driving potential for a1 
Caution must be taken in applying (2.5). The mass 
transfer coefficient, h0 , is defined for the situation bf no bulk 
convective flow accompanying the diffusive flow to the surface. 
Therefore, (2.5), as it stands, defines only the diffusive component 
of the mass transfer rate. In most engineering applications, the sum 
of the diffusive and bulk flows is required. If so, the definition of 
h0 must be modified. In the case of one gas diffusing in the presence 
of a stationary second gas, it can be shown that [10] 
(2. 6) 
'-i-- 15 
• I 
hD(abs) is the mass transfer coefficient used to define the sum 
of 
convective and diffusive mass transfer, Pis the system
 pressure and 
P is the logarithmic mean pressure of the non-diffus
ing gas between 
gm 
the free stream and the wall and is defined as; 
p -gm 
(2.7) 
If the mixture is very dilute in the diffusing comp
onent, then the 
ratio P/Pgm approaches unity and hD(abs) can be taken as equal to h
D. 
Further, the analogy is useful only if the diffusiv
e flow and heat 
transfer due to condensation are small enough so as no
t to affect the 
velocity and temperature fields. For this case, th
e heat transfer 
coefficient is derived independently of the mass tra
nsfer problem. 
Otherwise, a simultaneous solution of the go
verning equations 
(including momentum) is necessary. 
2.1.2 Mass transfer process 
A proper mass transfer model for flow past the D
eposition 
Sampler must account for two components, water and
 sulfuric acid, 
condensing through a third, non-diffusing, component (inert flue gas
). 
Generally, convective and diffusive flows both exist
 and there is a 
16 
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coupling between the energy and diffusion equations. Fortunately, 
certain features of this specific problem allowed for considerable 
analytical simplifications to be made. 
First, since the typical concentrations of the condensing 
components are quite dilute with respect to the gaseous mixture, 
interactions between the H20 and H2So4 molecules during the mass 
transfer process were neglected. This made it possible to treat the 
ternary diffusion problem as two simpler binary systems, sulfuric acid 
vapor/gas and water vapor/gas. Also, it was argued that the 
convective portion of the flow is negligibly small. Consider the 
mixture, 
If only 1 ppm of H2so4 vapor exists in the 
then the ratio of P/P is nearly equal to unity. Several gm 
authors of previous studies (including [3] and [11] ) have indicated. 
that the proportions of H20 and B2so4 present in the liquid condensate 
are similar in magnitude. If this is true then roughly the same 
number of H20 and H2so4 molecules are diffusing in the vapor phase. 
Consequently, the ratio of P/P for the water vapor/flue gas system gm 
is also approximately equal to unity. Therefore, it is reasonable to 
assume that h0 is equal to h0(abs) and that only the diffusive portion 
of the flow needs to be evaluated for each binary system. Finally, it 
was assumed that ·the heat transfer coefficient could be derived 
without consideration of mass transfer problem. This 
simplification allowed for direct calculation of the mass transfer 
17 
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coefficient by equating the Chilton-Colburn j-factors. After 
obtaining a solution, the magnitudes of the diffusive flow and the 
heat transfer due to condensation can be readily evaluated to check 
the accuracy of this simplification. 
2.1.3 Rate of mass transfer 
Provided the bulk concentrations~of both condensing components 
are given, only the mass transfer coefficients and interface vapor 
concentrations need to be determined before a numerical solution can 
be attempted. Before undertaking these tasks, it was convenient to 
rederive the mass transfer rate equation, (2.5), in terms of a molar 
flow rate and a partial pressure driving potential. This selection, 
1 although quite arbitrary, was made because the proposed units of 
measure conform with raw data already assembled for the Deposition 
Sampler. 
A rate equation of the form 
K (P b-P .) 
a a a1 (2. 8) 
• 
was desired. 
vapors, then; 
If ideal gas behavior is assumed for the condensing 
• 
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pM p 
a a 
Ca= MP 
g g 
Substitution of (2.9) into (2.5) yields; 
Converting (2.10) to molar units results in; 
n hDp (-) - (P -P ) A a - MP ab ai g g 
...... 
. 
. 
• 
By equating (2.11) to (2.8), an expression for K is derived. 
a 
\ 
I (2.9) 
(2 .10) 
(2 .11) 
(2.12) 
By setting jH = jD as suggested by the Chilton-Colburn analogy, it is 
seen that 
h - h 
D - CL 2/3 P p e 
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where Le is the Lewis number of the mixture and is equivalent to the 
ratio of Sc/Pr. Finally, substitution of (2.13) into (2.12) provides 
the desired expression for the mass transfer coefficient. 
h K -----
a CM P Le2/ 3 p g g 
(2.14) 
The ability to accurately predict the convection coefficient, h, 
is critical to the solution of the problem.. The Deposition Sampler is 
situated about 10 meters downstream of the entrance to the inlet gas 
duct to the APH. Also, its surface temperature is different from that 
of the duct wall. Consequently, when mass transfer occurs at the 
deposition surface, both thermal and concentration boundary layers 
develop on the leading edge of the Sampler. By contrast, the velocity 
boundary layer, having had 10 meters to develop, is much thicker than 
the thermal and concentration layers over this short flow path as 
depicted in Figure 2-1. Because of the large difference in thickness 
between the velocity and thermal layers, it was reasonable to assume 
that the velocity profile is linear throughout the thermal layer and 
its slope was derived from an expression involving the shear stress at 
.. 
... 
the wall. 
(2 .15) 
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Or, rearranging; 
u2cr ou P oo z 
N --- -oy - 2µ (2 .16) 
Integrating this equation with respect toy; 
u-u 
0 
u2cr 
00 z 
2v (y - y ) 0 
The wall boundary condition is; 
at y - 0, u - 0 
Therefore; 
u(y) -
(2 .17) 
(2.18) 
It was further assumed that the thermal layer is thin enough to be 
contained within the viscous sublayer of the otherwise turbulent flow. 
Therefore, it was reasonable to approximate the temperature 
distribution within the thermal boundary layer by a laminar-type 
• expression. A third order polynomial was used for this purpose . 
Thus; 
22 
T(y) (2 .19) 
The following boundary conditions were employed; 
y - 0: T = T. 0 
- 0 
T = T00 
oT 
- 0 By 
The condition on the second derivative comes from a direct evaluation 
of the energy equation, (2.1), at the deposition surface where both 
the streamwise and normal velocities, u and v, are taken as equal to 
zero. Also, the first derivative is set equal to zero at the edge of 
the thermal boundary layer to enforce the zero heat flux condition 
there. The polynomial representation for the temperature field within 
the thermal boundary layer is therefore; 
(2.20) 
~ 
The heat transfer coefficient, h, is defined as; 
23 
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h -
The derivative of the temperature profile, 
(2. 20) 
• 
ar
1 8y y=O 
-3(T - T) 
0 00 
' -
(2. 21) 
6T ~ at the wall, from 6y' 
(2.22) 
What • remains to be calculated is an expression for the thickness of 
the thermal boundary layer, Ot' along the length of the deposition 
surface. This was derived from a boundary layer energy analysis which 
was performed using an integral technique. By equating the heat flux 
at the wall to the energy change of the free stream the following 
equation was derived; 
Substituting (2.22) into (2.23); 
3Kt(T - T) 
0 00 a 6t 
= ~ {J pCpu(y)(T - T00)dy} uz O 
j 
... 
24 
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(2. 23) 
(2.24) 
Thi~ integral was evaluated by substituting in the expressions for the 
temperature and velocity profiles. The correlation chosen for the 
skin friction coefficient, Cf , was [10]; 
z 
Cf = 0.0576( v ) 115 
z U00 z 
. 
' 
.' \ 
' . 
. ' 
'-- ' 
(2.25) 
The resultant expression for the thermal boundary layer thickness is; 
ot (z) 9.539a
113v8130 1/10 9/10 
- 3/5 z (z 
uoo 
(2.26) 
In this situation, the coordinate z is measured from the entrance to 
the APB gas inlet duct and z represents the leading edge of the 
0 
deposition plate. 
into (2.21) resulted 
After some manipulation, substitution of (2.26) 
• 1n· 
' 
.157KtUOO 3/ 5 
h(z) - -~~~~~~~z~~~~ 
alf3v8/30z2/5{l _ (~)9/10}1/3 
z 
(2. 27) 
It was convenient to use an average value of h(z) in the 
Deposition Sampler analysis. This value was obtained by integrating 
25 
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(2.27) over the length of the deposition surface in the direction of 
the flow. Thus; 
.. 
1 L 
h - = Jh(z)dz 
L 0 
(2. 28) 
Since the plate is circular, it was necessary to derive an equivalent 
-flat plate length, L, before this integral could be evaluated. By 
subdividing the circular surface into strips of infinitesimally small 
width, dx, and length, 1, as pictured in Figure 2-2, an average plate 
length seen by the flow was found to be; 
1 D 
L = D Jl(x)dx 
0 
\ 
(2. 29) 
By noting the symmetry of the geometry and making the necessary 
substitutions to radial coordinates, this integral was transformed to; 
L = 
'K/2 2 2J sin Od(J (2.30) 
,.. 
0 
Thus; 
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Figure 2-2 Deposition surface is divided into streamwise segments in 
an effort to determine its equivalent flat plate length 
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• (2. 31) 
The integral equation, (2.28), for the average heat transfer 
coefficient was then evaluated using a graphical technique. The 
details of the analysis are contained in (12]. As a verification of 
the assumption that the thermal boundary layer is contained within·the 
viscous sublayer of the flow, the thickness, 6t, was calculated at 
various points along the plate. 
boundary layer was defined as; 
I 
+ y 
'f 
where u - (~) 
'f p 
.... 
• 
When this expression, (2.32), 
The dimensionless height oi the 
(2. 32) 
was evaluated at the midpoint oi the 
deposition surface, the value given for the dimensionless thickness, 
+ y, was found to be approximately equal to 16.5. This value extends 
slightly outside the 
• viscous sublayer, but is still relatively far 
irom the region where turbulent effects predomin~e. 
I,• 
'· 
• 
I 
I 
• 
• 
2.1.4 Conditions at the liquid/vapor interface 
The partial pressure of a condensing vapor which exists at the 
liquid/vapor interface can be calculated by either performing a 
theoretical analysis or • using experimental dewpoint data. The 
dewpoint data can be applied since both the acid dewpoint of flue gas 
and the conditions at the liquid/vapor interface represent saturation 
states for the gas with respect to the condensing components. 
Banchero and Verhoff [13] performed a detailed investigation to 
determine the most accurate experimental correlation for predicting 
the acid dewpoint of flue gas. Dewpoint data from three separate 
studies were plotted, and an equation which reflects a least squares 
fit of this data was presented. The recommended correlation is· 
' 
- 0.002276 - 0.00002943ln(Pw) - 0.0000858ln(Pa) 
-6 
+ 6.2x10 {ln(P )ln(P )} 
w a 
. (2. 33) 
where Pis in mm. Hg and Tis in degrees Kelvin. Equation (2.33) was 
\ 
inverted to yield an expression for the partial pressure of sulfuric 
acid at the interface, P ., corresponding to a given temperature, T., 
a1 1 
and water vapor pressure, P .. 
W1 
,. 
29 
\' 
.. 
( I • 
,, 
' 
'l\ 
' 
p . 
a1 
1 
1 
Ti+ 273 - 0.002276 ~ 0.00002943ln(760Pw) 
= 760exp{--- --6 ----·-- ----} 
6.20x10 ln(760P . ) -. 0.0000858 
Wl 
(2.34) 
where the units were converted so that Pis in atmospheres and Tis in 
degrees Celsius. 
' 
The theoretical means which exists for determining the partial 
pressure of a condensing vapor at the liquid/vapor interface can be 
applied provided that thermodynamic equilibrium is presumed to exist 
there. If there is no resistance to mass transfer present at the 
phase interface, equilibrium is satisfied. Resistances are normally 
the result of surface active substances which concentrate at the 
liquid/vapor interface and impe'de the trans£ er of mass across this 
boundary. The interfacial resistance has been shown to be negligible 
for the absorption of many gases from air to aqueous solutions [14]. 
Even • 1n situations where the resistance is known to be significant, 
such as in the transfer of a liquid metal solute to a solid metal 
surface, the theories used to predict its effect are not well defined . 
. The interfacial resistance was neglected in this analysis. 
By equating the chemical potentials of each system component 
across a phase boundary, the equilibrium condition was enforced. The 
fugacity concept provides a simple means of accomplishing this task. 
The partial fugacities of a component in the liquid or vapor phase of 
a mixture are expressed as; 
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liquid 
vapor 
L L L 1. - 7.x.f. 
J J J J 
V V V f. - 7.y.f. 
J J J J 
(2. 35) 
(2. 36) 
• 
The equilibrium condition requires that the partial fugacities of each 
component remain unchanged across a phase boundary. 
LLL VVV 7.x.f. = 7.y.f .-
J J J J J J 
(2.37) 
The assumption of ideal gas behavior is valid for the range of partial 
pressures exhibited by the condensing vapors. Therefore; 
V 7. - 1 (2. 38) 
J 
V f. = p 
J 
V P. = y.P 
J J 
V 
and (2.37) was rewritten as; 
L L L 7.x.f. = P. 
J J J J 
J 
·' ,.;. 
\, 
• ::J, 
. 
' 
.. 
(2.39) 
(2.40) 
(2.41) I 
t'. 
' ~· ... 
' ) . .. 
·V , . 
..... . . 
I 
According to Balzhiser, Samuels and Eliassen [15], the fugacity of 
a compressed liquid is approximately equal to the fugacity of the 
saturated liquid at the same temperature. 
L f. (T, P) 
J 
~ f~L(T) 
J 
Also, equilibrium requires that; 
f~L (T) 
J 
- f~V(T) 
J 
(2. 42) 
(2. 43) 
By again applying the ideal gas argument, this time to the saturated 
vapor state; • 
SY · f. (T) = Psat·. (T) 
J .J 
(2.44) 
Successive back substitutions of (2.44), (2.43) and (2.42) into (2.41) 
results in· 
' 
LL P. = 7.x.Psat.(T) 
J J J J 
(2. 45) 
By inverting (2.45), an expression was obtained for the liquid 
L 
activity coefficient, 7 .. J 
I 
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L 7· -J 
P. 
1 
L 
x.Psat.(T) 
J J 
• 
(2.46) 
Through the use of vapor pressure data for the system of H20/H2S04/S03 
reported in Perry's Chemical Engineer's Handbook [16] and by the use 
of (2.46), this coefficient was calculated as a function of liquid 
mole fraction, temperature and system pressure. It can be shown that 
the error encountered in extrapolating these results from the low 
system pressures tabulated in the handbook to the actual system 
pressure of one atmosphere is negligible [17]. 
2.1.5 Runge Kutta integration approach 
At this stage, the. problem of analyzing the condensation of 
sulfuric acid onto the Deposition Sampler was reduced to solving two 
simultaneous rate equations. 
. dN 
Acid n a (_. )· = d = K (Pb - p .) A a t a a a1 (2.47) 
dN 
Water w dt = K (Pb - P .) W W Wl (2.48) 
Substitution of (2.45) into both equations (2.47) and (2.48) yields; . 
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. h. 
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' 
dN 
Acid dta - K (Pb - 7 x .Psat (T)) 
a a a a1 a (2.49) 
Water (2.50) 
The superscript L has been removed since it is no longer needed to 
identify the mole fraction, x, and the activity coefficient, 7, which 
are both used exclusively for the liquid phase from this point onward. 
If the liquid layer is assumed to be well mixed, the interface 
liquid mole 
fraction. 
fraction • lS 
In this case, 
counterparts. 
• 
N 
a 
X • -
a1 N + N 
a w 
N 
w 
xwi - _N_+_N_ 
a w 
Substitution of (2. 51) 
respectively, results in; 
,. 
representative of the bulk liquid mole 
x. and x . can be replaced by their bulk 
al Wl 
(2.51) 
(2. 52) 
and (2.52) into (2.49) and (2.50), 
f (N , N ) 
a w 
(2. 53) 
34 ,. 
' 
... 
" 
' 
dN 
w 
dt 
N 
w 
+ N )Psatw(T)) -
w 
g(N ,N) 
a w 
(2. 54) 
The system of equations (2.53) and (2.54) was symbolically represented 
by the functions f and g to emphasize that the equations appear to be 
suited for solution by a Runge-Kutta integration technique. 
Unfortunately, 
integration. 
there are difficulties • 1n carrying out this 
One difficulty concerns the specification of the set of initial 
values. If the calculation begins with a dry surface, then the first 
impulse is to choose both N and N equal to zero. a w But, this 
selection causes the right hand side of both (2.53) and (2.54) to 
become undefined and is therefore unaccept~able. An alternative is to 
leave the system of equations in the form of (2.49) and (2.50) and 
specify instead the composition of the initial dew which is formed. 
Several combinations of x and x were tested as initial values, and 
a w 
their influence upon the solution was evaluated. 
The • primary difficulty with the use of the Runge-Kutta scheme 
in this case lies in the fact that Pwb>> Pab" It was previously 
dN dN 
deduced through the results of other authors that dt 
a w 
N O(dt ). If it 
is also assumed that K N O(K ), then an order of magnitude comparison 
a w 
of the rate equations suggests that; 
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(P b - p. . ) ~ (P b - p . ) 
a a1 w w1 
(2. 55) 
Since typical levels 0£ Pwb are £our to five orders 0£ magnitude 
greater than Pab' it is readily seen that the interface pressure 0£ 
the water vapor, Pwi' is very close to the bulk pressure, Pwb· For 
example, if 
- lxl0-6 atm 
p . -7 
- 5x10 atm 
a1 
Pwb - .06 atm 
then 
p . 
Wl 
-6 -7 ~ .06 - (lxlO - 5x10 ) - .0599995 atm 
When the liquid mole fractions calculated within the Runge-Kutta 
scheme differ appreciably from the true molar compositions, the 
solutions exhibit a severe oscillatory behavior. If the liquid layer 
is well developed (N ,N >>0), these oscillations are self-dampening. 
a w 
However, for a deposition surface which is initialy bare, it is very 
difficult to prevent the oscillati·ons from becoming unbounded. Since 
one of the purposes of the Deposition Sampler analysis was to prepare 
the framework for a study of the condensation within the APB, the 
ability to apply a given method to either situation is essential. It 
was felt that the • increase in complexity associated with the APB 
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problem would prevent this computational scheme from being a feasible 
approach. 
2.1.6 Interfacial assumption approach 
Instead of allowing the large difference between the magnitudes 
of H20 and H2so4 present in the gas stream to hamper the numerical 
procedure, it was used to uncouple the two rate equations and thereby 
simplify the analysis. The interfacial pressure of water is nearly 
equal to its bulk pressure. Using this information, it was possible 
to deduce the partial pressure of H2so4 at the liquid/vapor interface. 
First, it was assumed that P. equals Pb" Then, either the W1 W 
experimental or theoretical method could be used to determine the 
interfacial pressure of sulfuric acid. The experimental method merely 
requires a single application of the inverted Banchero and Verhoff 
relation. Namely; 
If 
p . 
a1 
1 
1 
Ti+ 273 0.002276 + 0.00002943ln(760Pwb) 
- 760exp{~~~~~6~~~~~~~~--'~-} 
6.20x10- ln(760Pwb) - 0.0000858 
(2.34) 
theoretical method the first the used, step involves the • 1S 
calculation of the liquid mole fraction of water at the phase 
interface. Upon rearranging (2.46); 
r 
r 
! 
I 
I 
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\ (2.56) xwi - 7 (x . ,T.)Psat (T.) 
W Wl l W 1 
Since the activity coefficient, 1w' is a strong function of the 
unknown parameter X . ' Wl an iterative technique was required to solve 
(2.56). This technique began by defining a function V, such that; 
tp - (2.57) X . 
Wl 7 (x .,T.)Psat (T.) 
W Wl 1 W 1 
Then, the temperature (and thus the saturation pressure) was 
specified, and the zero of this function was determined using the 
Bolzano process (interval halving technique) [18]. Further reasoning 
suggested that because water and sulfuric acid are the only two 
components present in the liquid phase, that; 
X . - 1 ~ ·x . 
al Wl 
Finally, the partial 
{2.58) 
pressure of H2so4 vapor at the interface, P ., a1 
was directly calculated through the use of (2.45). 
(2.45) 
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Through this procedure, the co
ndensation rate of sulfuric acid
 
was deduced without the use o
f the rate equa~ion for H20. If some 
quantitative information is req
uired on the condensation rate o
f H20, 
then an expression which was de
rived from the knowledge of the 
liquid 
·composition at the phase interfa
ce can be used. This expression
 comes 
from a relationship which ex
ists between the rates at which H2
0 and 
H2so4 condens
e from the vapor phase and the 
proportion at which they 
This 
arrive in the liquid phase. 
• 1s· 
' 
• 
X • n 
Wl w 
-
-
X • • 
(2. 59) 
a1 n a 
• 
rearranging; 
X . 
n - C w1)n 
W X • a 
(2. 60) 
a1 
• 
Comparisons show that resul
ts obtained using this method
 were 
virtually identical to those 
predicted by the Runge-Kutta sc
heme. 
Further, the relative ease of ca
lculation and reliability exhibi
ted by 
this algorithm heavily favor its
 use in the forthcoming APH analysis. 
An issue which deserves mention 
at this stage concerns the 
specification of the interface
 temperature, T .. 1 If the li
quid layer 
• 
~ ·, 
which exists is stagnant, then
 the difference between the temp
e;ature 
i 
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at the surface and at the phase boundary is entirely due to conduction 
heat transfer across the layer. Therefore, if 
. j 
(2.61) 
then; 
· T. ~ T 
.. 1 0 (2.62) 
As an approximation, the temperature at the liquid/vapor boundary, T., 
. 1 
' 
was taken as equal to the surface temperature of the Deposition 
Sampler (or later, the APH wall temperature). The accuracy of this 
approximation can easily be verified through the application of 
(2.62). 
2.2 Quasi-steady condensation within the APB 
2.2.1 Introduction 
The Ljungstrom Air Preheater is a rotary device used to transfer 
heat from hot combustion gases to cool incoming air. As the heater 
rotates slowly about its axis, a metal mesh is alternately exposed to 
both the hot and cool fluids. In this manner, the mesh is the medium 
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by which heat is exchanged. The mesh is comprised of several wedge-
shaped baskets which can be individually removed and cleaned or 
replaced. Four different basket styles are used at four different 
locations along the axis of the APH. These locations, ranging from 
gas inlet to gas exit, are entitled hot, hot intermediate, cold 
intermediate and cold, respectively. Each group of baskets has a 
' distinct flow passage design. The hot end is characterized by a dense 
mesh with a high surface area/volume ratio, whereas the cold end flow 
cross-sections are larger to help alleviate the plugging which is most 
likely to occur in this vicinity. The differences in these flow 
passage designs are illustrated in Figure 2-3. 
The flow through the APH can vary in classification from laminar 
to low Reynold's number turbulent depending on the load condition at 
the power plant. The characterization of the flow field • 1S 
complicated due to the possible influence of thermally driven buoyancy 
and Coriolis forces. If strong enough, these effects can cause a 
transverse (or secondary) flow to be established which increases the 
heat transfer and axial pressure drop associated with the system. 
2.2.2 Discussion of free convection effects 
... 
When a fluid is heated or cooled, the density variation 
resulting from the temperature gradient produces a natural convection 
effect. The tendency is for the lighter, less dense, fluid to "rise" 
against .the action of a body force as shown in Figure 2-4. In a 
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cold intermediate 
section 
cold section 
·• 
Figure 2-3 Geoaetry of the APB metal matrices 
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body force "F" 
Free convection current generated by heating a cold 
fluid in the presence of a body force 
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rotating system, centrifugal and gravitational force fields exist, and 
in general, both may give rise to a buoyant flow. By evaluating the 
dimensionless group w2R/g, the relative magnitudes of the two fields 
are determined. For the case of the APH; 
1 2,r d" / w N rpm - 60 ra 1ans sec 
R ~ 21.5 ft= 6.55 m 
g - 9.81 m/sec2 
(~~) 2 (6.55) 
----- ~ 9.81 
-3 7.32x10 
Because this ratio is small, the effect of the centrifugal field is 
negligible with respect to the force of gravity. 
The Grashof number is a dimensionless parameter used in systems 
where natural convection is important. Physically, it represents the 
ratio of (buoyant forces)(inertial forces). A suitable Grashof number 
(viscous forces) 2 
for flow in an APH passage [10] • 1s· 
' 
Gr - (2. 63) 
Given typical conditions in the cold end of the APH; 
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p ~ i N --37--~--o-K - .00268 °K-l 
g 
T ~ 20°K g 
-3 Dh ~ 9.9x10 m 
-6 2 
v ~ 23.3x10 m /sec 
.. 
Gr_ (9.81)(.00268)(20)(9.9xl0-3) 3 N 
(23.3xl0- 6) 2 -
) 
939 
The relative strength of natural to forced convection was obtained by 
calculation of 
signifies the 
the quantity 2 Gr/Re . Since the Reynolds' number 
ratio of inertial to viscous forces, 2 Gr/Re • 1S 
interpreted as a comparison of buoyant to inertial forces. For full 
load conditions, a conservative value for the Reynolds' number is 
roughly 2000. Thus, 
" 
Gr 
--~ 
Re2 
939 
(2000) 2 
- 2.35x10 -4 
and the effect of thermally induced natural convection is negligible 
in this case. 
The other source of secondary effects in such a rotating system 
arises from Coriolis· forces. This type of force is created by the 
presence of fluid motion in a plane perpendicular to the axis of 
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rotation. A dimensionless group called the Rotation number, Ro, was 
used to characterize this effect [19]; where \ 
Ro - (2. 64) 
Ro is the ratio of Coriolis to inertial forces in the system. If a 
typical cold end gas velocity of 7 m/sec is assumed, the value of the 
Rotational number is 
Ro -
2,r -3 (60)(9.9x10 ) 
------- N 7 -
-4 1.48x10 
which indicates a negligible Coriolis influence. 
The conclusion drawn from the analysis above was that any 
secondary flows arising from either heating or rotation effects are 
not of practical importance. Therefore, the flow was analyzed by 
considering only forced convection effects. 
\) 
2.2.3 Colburn mass transfer analysis 
An analysis of the heat transfer within the APH was performed by 
Sarunac [20]. His results include the APH metal and gas temperatures 
and the local heat transfer coefficients [21] which accounted for the 
entrance effects associated with each heater section. Results from 
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that study were incorporated into the heat/mass transfer ·analogy 
presented herein. 
The procedure for calculating the deposition rates of sulfuric 
acid within the APH is a direct extension of the method developed for 
the Deposition Sampler analysis. The major difference is that all 
three terms present in the rate equation, K , P b and P . , vary 
a a a1 
throughout the heat exchanger. The objective is to account for the 
.• 
variation of these parameters while monitoring the mass transfer 
behavior of one typical flow passage through a complete revolution of 
the APH. 
Consider the unsteady flow of gas through a tubular control 
volume (CV) which is chosen to rotate with a typical APB flow passage 
(see Figure 2-5). If species "a" is liable to condense out of the 
g:as, then a conservation equation for this species is written as; 
(2. 65) 
The first term on the left hand side of (2.65) represents the possible 
unsteady effects associated with this problem. By performing an order 
of magnitude analysis on this equation, the unsteady term can be shown 
to be negligible with respect to the control surface integral. 
Since the unsteady behavior of the flow within an APH passage is 
a direct result of the angular rotation it undergoes, then the 
characteristic time associated with this phenomenon is the period of 
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rotation of the APH, t t· Therefore, the order of magnitude of the 
ro 
first term of (2.65) 
By substituting 
dV = d.Adz 
I 
1S' , 
I 
(2.66) was rewritten as; 
(2. 66) 
(2.67) 
• (2. 68) 
The average, or characteristic, velocity of the gas within the flow 
passage is equal to the overall flow passage length, L, divided by the 
residence time, t 
res' 
of the gas within the APB. As a result, the 
order of magnitude of the control surface integral in (2.65) was 
written as; 
C LdA 
fcs CaU•dA N 0(: ) 
res 
.... ___ ' ' 
(2.69) 
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The ratio of these two orders of magnitude is; 
O(unsteady term) _ -,-(C_a_d_A_dz_/_t_ro_t_) 
O(flux term) (C LdA/t ) a res 
t 
_ (dz)( res) 
L t t ro 
r: 
The ratio of fz must be less than unity since the CV has to be shorter 
than the length of the flow passage. In addition, the residence time 
of the· gas is known to be on the order of 0.25 seconds, while the 
period of rotation of the APH is about 60 seconds. Therefore, the 
unsteady 
integral 
term 
at 
• lS negligible with respect to the conlrol surface 
• any given instant of time, and the flow is said to be 
quasi-steady. Equation (2.65) was rewritten as; 
(2.70) 
Referring to Figure 2-6, this equation can be written symbolically as; 
• 
m c·· ) a 1n ia(out) - iac(condensation rate) (2.71) 
The mass flow rate of "a" into the control volume is written as; 
(2.72) 
• 
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cross sectional 
- area, dA 
i 
.. 
control 
surface (CS) 
dz 
Figure 2-5 Typical control volume (CV) 
dz 
-~~,. 
.. 
flow of flow of 
acid in ---->-- > acid out 
I 
t 
acid condensed 
Figure 2-6 Visual description of terms in control surface 
integral (2.70) 
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If the gas density and system pressure are assumed to be constant (or 
averaged) over the flow cross-section, then substitution of (2.9) into 
(2.72) yields; 
.. 
• 
ma(in) (2.73) 
The definition of the mass averaged (or bulk) partial pressure of 
sulfuric acid is given as; 
p· -
ab (2.74) 
If this expression is used in (2.73), the result is; 
• 
ma(in) (2.75) 
By bringing the gas density, p, back inside the integral, and 
• • the integrand re cogn·1 z 1ng 
expression was rewritten as; 
• 
ma(in) -
m M 
g~ 
M P ab(in) g g 
as being the mass flow rate of gas, this 
(2. 76) 
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The rate at which • species "a" leaves 
. 
identical procedure, and the result is; 
• 
ma(out) -
m M 
g~ 
MP ab(out) g g 
the CV was derived by an 
(2.77) 
The total mass of "a" condensed per unit time in the CV is equal 
to the mass flux at the wall times the surface area, A, of the s 
control volume. The condensation rate is therefore equal to; 
m - KM A (Pb - P .) 
ac a as a a1 
(2.78) 
If the condensation rate is calculated at the flow entrance to the 
control volume, then a marching scheme which is first order accurate 
in the step size, ~z, is established. With this method, a convergence 
of three sig~ificant figures can be achieved for the calculated 
-4 
condensation rates by choosing an axial step length equal to 7.94x10 
meters (1/32 of an inch). However, if a little more effort is exerted 
in the derivation of the marching scheme, an appreciable savings in 
the ·amount of computational effort can be realized. By instead 
evaluating the rate of condensation at the midpoint of the CV, a 
second order accurate method of computing the local mass transfer was 
created. The rate was approximated by evaluating (2.78) at both the 
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inlet and exit of the control volume, and averaging the results . 
Therefore, the condensation rate within the control volume was written 
as; , 
. 1 {. . } 
mac = 2 mac(in) + mac(out) .. 
Substituting (2.78) into each term within the brackets; 
• m 
ac 
1 1 
=-{KM A (P - P .)}. +-{KM A (P - P .)} 2 a as ab a1 1n 2 a as ab a1 out 
Simplifying this expression; 
(P + p ) 
i =KM A { ab(in) 2 ab(out) _ p .} ac a a s a1 
where K = Ka(in) + Ka(out) and p. 
· a 2 a1 
_ pai(in) + pai(out) 
2 
' --
(2.79) 
(2.80) 
(2. 81) 
By substituting the individual flow rates ((2.76),(2.77) and (2.81)) 
into the governing conservation equation, (2. 71), 
• 
an expression 
describing the axial variation of the bulk pressure was formulated 
after some algebraic manipulation. 
53 
.• 
.... 
• ,r •1 
f 
p 
ab(out) 
and¢ -
K A M P 
a s g g 
2m g 
(2.82) 
' 
As a result of this effort, the desired three significant figure 
convergence was obtained with -3 a step size of 6.35x10 meters (1/4 
inch). 
2.2.4 Solution procedure 
The numerical procedure begins with the specification of certain 
power plant variables. Namely, the concentration of H2so4 in the 
inlet gas is selected which corresponds to a certain level of excess 
air used during combustion. The relationship between these two 
parameters was taken from experimental data at the power plant [22]. 
Further, the steam air heater (SAH) is assumed to be on or off. This 
choice has a strong infltience on the temperature distribution within 
the APH. Also, the power plant operating capacity is set at either 
full or part load, and the APH surfaces are assumed to be dry. 
Beginning at the time, t, equal to zero, the mass transfer 
behavior of one typical flow passage was analyzed through a complete 
t 
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APH rotation (see Figure 2-7). A marching procedure is initiated at 
the hot gas inlet to the APB flow passage. Here the heat transfer 
coefficient, gas and wall temperatures are specified, by interpolating 
the results of Sarunac [20]. 
is calculated. 
K - h 
a - CM P Le2/ 3 p g g 
Then, the mass transfer coefficient, K, 
a 
(2 .14) 
The next step is to calculate the phase interface condition by either 
the experimental correlation or the theoretical method. Once this 
step is performed, the mass transfer rate is calculated . 
• n (A) - K (P b- P . ) a a a1 {2. 8) 
The rate is stored and the extent of axial depletion of sulfuric acid 
(variation in the bulk partial pressure) is calculated. 
p 
ab(out) 
_ Pab(in}(l - ;) + 2;pai 
1 + ; (2. 82) 
This process gives the value of the bulk acid pressure to be used at 
the next axial step. 
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Figure 2-7 Representation of APH flow passage at different 
phases of its rotation 
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The procedure described in the preceeding paragraph is repeated 
until the computational scheme reaches the end of the passage. The 
time coordinate is then incremented and the concentration of H2so4 is 
returned to its inlet value. The marching procedure returns to the 
gas inlet and is repeated. However, the heat transfer coefficients, 
and gas and metal temperatures now correspond to a different 
circumferential position of the flow passage within the heat 
exchanger. It • 1S through this procedure that the unsteady flow 
behavior is accounted for. 
of mass transfer is calculated 
• at a given 
the rate After 
axial location for successive time steps, these rates are integrated 
with respect to time to calculate the local amount of acid deposition 
at that axial position. 
t 
N N + Jnew K (P - P .)dt. 
a(new) - a(old) t a ab a1 
old 
(2.83) 
A simple trapezoidal approximation of this integral was employed. 
This permitted (2.83) to be simplified as follows; 
N 
a(new) 
• 
• 
dN 
- Na(old) + (dta)aveAt 
(2.84) 
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• 
dN 
where ( a) dt ave 2 
• again, the time step, ~t, was selected to ensure three figure 
convergence of the number of moles of acid deposited after one 
complete revolution of the APB. A value of At equal to 0.5 seconds 
proved to be adequate in this regard. 
If the calculated value of the number of moles, N, becomes a 
negative during this integration process, its value is reset to zero. 
dN 
Furthermore, if Na 
a 
equals zero and (dt) is negative (indicating 
new 
dN 
evaporation), then (dta)new is also set equal to zero. The physical 
reasoning which supports this action is that evaporation cannot occur 
from a dry surface. Once the true mass transfer rate and the level of 
acid deposition are determined and stored, the algorithm proceeds with 
the calculation of the axial variation of sulfuric acid in the gas 
stream. 
After one half revolution of the APB is traversed, the CV is 
assumed to enter the air-side of the heat exchanger. This phase of 
the analysis is characterized by a free stream which is free of 
sulfuric acid and contains less water vapor than the flue gas . 
. 
Further, the axial flow direction is reversed and the marching scheme 
now proceeds from the cold to the hot end of the APH. The water vapor 
content was ~determined by • assuming a temperature of 27 degrees 
l .. 58 
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Celsius (80 degrees Fahrenheit) and a relative humidity of 60 percent 
for the ambient conditions. These conditions correspond to a partial 
pressure of water vapor in the incoming air which is approximately two 
percent of the atmospheric pressure. This is in contrast to the flue 
gas which was taken to have a partial pressure of water vapor equal to 
six percent of the total gas pressure. 
the • air side analysis • 15 
Other than these few 
identical to the gas side differences, 
analysis. The simplified flow chart for this computational scheme is 
contained in Figure 2-8. 
2.2.5 Analysis using the mass transfer equations of Land 
The solution procedure described in the previous section was 
repeated with the mass transfer rate equations of Land [6] replacing 
the equation, (2.8), which was employed in the primary analysis. By 
-
substituting Land's "no supersaturation" and "no fog formation" 
equations in place of the existing rate equation, the alleged minimum 
and maximum· deposition rates were simultaneously followed throughout 
the APH. Care was taken to calculate separately the· levels of axial 
depletion of sulfuric acid associated with each of Land's rate 
equations, since in general they are not the same. 
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1. Specify flue gas conditions. 
2: Sett= t 0 : t 0 corresponds to first pass through heat exchanger 
in either the gas or air side. 
3. Set z = z0 : z0 corresponds to the hot end for first half of APH 
rotation (gas side) and the cold end for second half of rotation 
(air side). 
4. Calculate condensation rate. 
5. If t # t 0 , integrate condensation rate with respect to time to 
calculate amount of acid deposition. 
6. Calculate axial depletion of sulfuric acid. 
7. Advance to next axial position: z = z + ~z and return to step 4. 
Remain in this loop until the end of the passage is reached. 
8. Increment time: t = t + ~t corresponding to the next 
circumferential position of flow passage and return to step 3. 
Remain in this loop for one half of an APH rotation. 
Q. Specify incoming air conditions.and return to step 2. 
10. Stop after one complete APH revolution (360 degrees). 
r 
Figure 2-8 Simplified flow chart for APB mass transfer analysis 
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2.2.6 Finite difference solution of laminar diffusion equation 
• 
Two conditions must be satisfied if the use of the heat/mass 
transfer analogy is to be considered proper. Both the governing 
equations for the energy and mass transport phenomena, and the 
boundary conditions on the temperature and concentration fields have 
to be similar in structure. For flow in the APH, the second of these 
criteria • lS not accurately met. Fortunately, if the flow • 1S 
turbulent, the influence of boundary conditions on the overall 
solution is weak and should not prohibit the use of the analogy . 
However, when the power plant is operating at half load and the flow 
regime is laminar, the dissimilarity in boundary conditions could 
severely affect the accuracy of the analysis. A finite difference 
technique was used to obtain a solution of the laminar diffusion 
equation. Then, the results of the primary mass transfer analysis were 
directly compared for this case. 
By neglecting the entrance effects associated with each section 
of baskets, the quasi-steady laminar flow in the APH was considered to 
be fully developed. In addition, if properties are assumed to be 
constant and streamwise d·iffusion is n·eglected, a two dimensional 
approximation to the diffusion equation is written as; 
(2.85) 
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. -If the ideal gas assumption is invoked, the concentration, C, can be 
a 
replaced by the partial pressure, P . 
a 
o2P 
a 
- Dm 2 oy (2.86) 
Equation (2.86) was solved in a rectangular duct which possesses the 
same perimeter and cross-sectional area as a typical APH flow passage. 
For example, the cross-sectional properties of a typical cold end flow 
passage are; 
-4 2 Ac - 1.88x10 m 
Per - .076 m 
By retaining the same values of these parameters for the rectangular 
section, two equations were derived for the duct width, w, and height, 
Ac.= wht - l.88xl0-4 m2 (2.87) 
Per - 2(w + ht) - .076 m (2.88) 
62 
Simultaneous solution of these two equations results in the values; 
w ~ .032 m 
The actual and approximated flow cross-sections are graphically 
compared in Figures 2-9. 
Since the aspect ratio (width/height) of the cross-section is 
large, disturbances of the flow field associated with the sides of the 
duct were assumed to be small. The streamwise velocity distribution 
was therefore derived from the case of fully developed flow between 
two parallel plates of infinite width. 
height is ht/2; 
u 
u 
max 
For a channel whose half 
(2.89) 
The maximum velocity, U , was determined from an application of the 
max 
continuity equation~ 
ht/2 
m - {pUA)inlet - 2/ pu(y)wdy 
g 0 
(2.90) 
I 
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Figure 2-9a Representation of an actual APB flow cross section 
1_l_ 
--------------, 
w 
T 
.. ··· . 
Figure 2-9b Approximate section used in finite difference 
solution 
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By substituting (2.89) into the integrand of (2.90) and evaluating the 
integr~l, the following expression w~s found for U · 
max' 
u 
max 
• 
(pU)inlet 
- 1.5----p (2.91) 
The governing differential equation, (2.86), was treated as an 
initial value problem in the streamwise direction and a boundary value 
problem in they-direction. The initial and boundary conditions are; 
Initial condition 
At z=z 
o' 
(2.92) 
where z represents some axial location upstream of the onset of 
0 
condensation. 
Boundary conditions (z 1 z) 
0 
At y=o, 
··-1 
.. 
7 x . Psat (T.) 
a a1 a 1 (2.93) 
(2.94) 
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The first boundary condition was derived from thermodynamic 
equilibrium considerations, while the second came from the symmetry 
condition at the centerline of the duct. Starting at z = z , the 0 
analysis proceeds in the direction of flow. At each specified z 
location, the pressure distribution, p (z,y)' a 
prescribed number of nodal (or mesh) points. 
is determined at a 
Then, the rate of 
molecular diffusion is calculated by an approximation of the slope of 
the pres~ure field normal to the wall. 
In order to successfully develop a marching technique in the 
ap 
axial direction, the derivative, Bza' at a point in the flow field was 
approximated • using a backward difference. Th1s prevented any 
information downstream of the pivotal mesh point from entering the 
computational scheme. A first order accurate discretization of the 
derivative which accomplishes this objective is; 
oP 
a N 
--oz 
P (z) - P (z - ~z) 
a a 
ftz 
(2. 95) 
Because the pressure was to be calculated. at only internal mesh points 
in the y-direction, a second order accurate central difference 
o2P 
a 
approximation was used for--~· 
oy2, 
'. 
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a2pa N Pa(y + Ay) - 2Pa(y) 
-- ---------------
ay2 - Ay2 
+ p (y - '1y) 
a (2.96) 
Substitution of these two approximations into (2.86) results in a 
linear algebraic equation of the form; 
Here; 
BtP (z,y + Ay) + AtP (z,y) + CtP (z,y - Ay) - Dt 
a a a 
2 
At - -(2 + u(y)~y) 
Dm~z 
Bt - 1 
Ct - 1 
2 
Dt - _u~~~y Pa(z - Az,y) 
I 
(2.97) 
If np mesh points exist at each discretized axial s·tep then 
(2.97) applied to each internal mesh point yields (np-2) equations in 
(np-2) unknowns. Each equation involves three unknown nodal values. 
These include the pivotal node and the nodes immediately above and 
below it. Also, one upstream nodal value, which has already been 
determined, was incorporated into the computational scheme as 
depicted in Figure 2-10. These equations form a linear algebraic set 
which can be written in the form 
67 
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(2.98) 
where is the coefficient matrix, is a vector containing the 
unknown nodal values for pressure and .9 
• 
1S a vector of known 
constants. Since only three unknowns were involved at each mesh point 
" 
calculation, the coefficient matrix, K, possesses a tri-diagonal 
bandwidth (see Figure 2-11). When coefficient matrices have this 
particular structure, it is possible to solve the set of linear 
algebraic equations using a fairly simple technique. The method used 
here was the Thomas Algorithm [18]. This method utilizes the banded 
properties of the tri-diagonal matrix to solve for the nodal values of 
pressure using successive forward and backwards substitutions through 
all of the mesh points in the transverse plane of the flow field. 
The condensation rate of species "a" was calculated after the 
pressure distribution was determined. The derivation of this rate 
begins with the definition of the molecular diffusion flux towards the 
wall; 
An 
ac 
a 
- Dm0 I 0 y y= 
• expression involving 
(2. 99) 
the partial pressure, P, was obtained upon 
a 
substitution of (2.9) into (2.99); 
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P(z,y+Ay) 
y 
.... _____ / 
P(z-Az,y) 
pivotal node 
,__ 
P(z,y) 
Figure 2-10 Nodal points involved in each pivotal node 
calculation 
0 
II = 
0 
.· 
z 
Figure 2-11 Tri-diagonal structure of coefficient matrix, M 
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Conversion into molar units yields; 
,. 
(2 .100) 
(2.101) 
A forward difference approximation of the derivative in (2.101) .. 1s· 
' 
(2 .102) 
Therefore, a discretized representation of the condensation rate of 
sulfuric acid was written as· 
' 
(2 .103) 
As was the case in the primary mass transfer analysis, the 
marching procedure was repeated for various circumferential positions 
of the flow passage. The condensation rates obtained at each position 
were integrated with respect to time to determine the extent of acid 
deposition. Again, the relative convergence of the results was 
dependent on the size of the discretization mesh. The finite 
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difference solution contained a transverse flow step\size, Ay, in \ 
addition to the axial flow and time steps, ~z and At, respectively. 
The presence 
significantly 
of this additional degree of freedom served to 
increase the difficulty of obtaining a solution. 
Several analyses were performed, the mesh sizes being decreased with 
each • successive analytical trial. In this way, the largest 
permissible step sizes which ensured three significant figure 
convergence of the results were found to be; 
-3 Az - 6.35x10 meters (0.25 inches) 
-6 -4 Ay - 2.54x10 meters (lxlO inches) 
At - 0.5 sec 
Similar to the case of the heat/mass transfer analogy, the 
situation could arise where the calculation of the mass transfer rate 
indicates evaporation from a dry surface. In such an instance, the 
entire pressure field at a given vertical ·plane had to be reset to its 
value at the preceeding location. That is· 
' 
(2.104) 
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If a reasonably sized mesh has 20 internal nodal points for each 
streamwise step, then the consequence of such a situation is that a 
20x20 system of equations is solved, and the solution is subsequently 
discarded. This is in contrast to the loss of a single rate equation 
for the same situation in the primary analysis. This illustration is 
indicative of the cost of carrying out a finite difference solution of 
this problem as compared to the analysis using the Chilton-Colburn j-
factors. Clearly, it is not practical to use this method as anything 
more than a means of comparing analytical results for a very limited 
number of cases. 
72 
\ 
• 
• 
I 
CHAPTER 3 
THEORETICAL RESULTS AND DISCUSSION 
3.1 Introduction 
A theoretical mass transfer model based on the Chilton-Colburn 
heat/mass transfer analogy was developed in Chapter two. This model 
was used to analyze the condensation onto the surface of the 
Deposition Sampler and within an air preheater flow passage.· The 
results of those analyses are contained in this chapter. Other 
theoretical methods were also employed in this study. The mass 
transfer rate equations derived by Land [6] were applied to both the 
Sampler and APH problems, while a finite difference (FD) solution of 
the laminar diffusion equation was used to predict the mass transfer 
within an APH flow passage under part load conditions. The purpose in 
applying these alternatives was to offer a comparison to the results 
obtained using the Chilton-Colburn analogy (referred to as the Colburn 
analysis from this point onward). A summary of the applied 
theoreti.cal methods is presented in Table 1. In addition to the 
comparison with these alternate theoretical methods, the results of 
the Colburn analysis were plotted versus experimental data, whenever 
these data were available. 
. 
I 
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·Deposition Sampler analysis 
Colburn model 
Land model 
Air preheater analysis 
Colburn model 
Land model 
Finite difference model 
, 
full load 
X 
X 
X 
X 
part load 
X 
X 
Colburn model - based on the Chilton-Colburn heat/mass transfer 
analogy 
Land model - uses mass transfer rate equations derived by Land (6] 
Finite difference model - solves the laminar diffusion equation by a 
finite difference technique 
Table 1 Summary of applied theoretical mass transfer models 
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3.2 Results of the Deposition Sampler analysis 
Acid condensation onto the surface of the Deposition Sampler was 
analyzed under full load power plant operating conditions. The gas 
temperature and mass flow rate within the gas inlet duct were taken as 
315 degrees Celsius and 325 Kg/sec, re~pectively. Condensation rates· 
J 
were calculated as a function of surface temperature and S03 
concentration. The results of the Colburn analysis are presented in 
Figure 3-1 as a family of curves showing the acid condensation rate 
versus surface temperature for various S03 concentrations. 
Three trends of practical importance can be learned from 
studying the results in Figure 3-1. First, the acid dewpoint of flue 
gas is shown to be a strong function of the S03 level within the free 
stream. An • increase from 0.5 to 1.5 ppm S03 corresponded to an 
increase from approximately 105 to 115 degrees Celsius in the acid 
dewpoint. Secondly, the rates of condensation quickly approach their 
upper limits as the surface temperature drops below the acid dewpoint. 
This is because the interfacial partial pressure., P ., decreases at an 
a1 
exponential rate with decreasing surface temperature. The third and 
final observation is a consequence of the second trend. In the limit, 
as the interfacial pressure tends to zero, the condensation rate 
approaches 
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Thus, it is seen that the peak condensation rate is directly 
proportional to the acid concentration of the flue gas. These 
elementary principles provide the basis for an understanding of the 
more complicated results for mass transfer within an APH flow passage. 
3.2.1 Comparison between the Colburn and Land analyses oi the 
Deposition Sampler / 
The "no fog formation" and "no super-saturation" equations of 
Land were intended to give the upper and lower bounds, respectively, 
for the rate of acid condensation onto the deposition surface. The 
rates are non-dimensionalized by dividing the calculated rate by the 
maximum possible value given by (3.1). They are then plotted versus 
the difference between the acid dewpoint and deposition surface 
temperature as shown in Figure 3-2. 
The "no fog .formation" equation of Land was derived from a 
heat/mass transfer analogy as was the rate equation used in the 
Colburn analysis. The difference between the two rate equations· 
exists in the definition of the mass transfer coefficient, K. In a 
Land's model, he calculated the coefficient to be 
I 
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Figure 3-2 Theoretical rate of acid condensation onto the Deposition 
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Sampler as .predicted by Land model (non-dimensionalized) 
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K 
a(Land) 
1.9h 
Cp 
-
(3. 2) 
If the K from the Colburn analysis is converted to the same 
a 
quantities as that of Land, it is expressed as 
K -
a(Colburn) -
,, ' 
,·. 
M h 
a 
CM P Le2/ 3 
p g g 
The ratio of these two coefficients is 
_K_a__.._(L_a_n___,d ).___ _ 
Ka(Colburn) 
1.9M P Le2/ 3 
g g O 98 M ~ . 
a 
(3. 3) 
' 
Thus, it is seen that only two percent difference exists between the 
condensation rates calculated using these two methods. 
The theory behind the derivation of Land's "no super-saturation" 
equation is that the condensation rates given by the "no fog 
formation" case may represent a super-saturated, non-equilibrium state 
for the flue gas. Land claims that if the gas is not able to exist in 
a super-saturated state, some of the sulfuric acid vapor would have to 
condense as a fog (or mist). At surface temperatures greater than 
approximately 20 degrees Celsius below the acid dewpoint, this theory 
predicts that the formation of fog is capable of drastically reducing 
79 
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the rate of acid condensation onto the deposition surface. For 
instance, at a surf ace ·temperature which is 40 degrees Celsius beneath 
• 
the acid dewpoint, the lower bound predicted by Land is less than 10 
percent of the magnitude of the upper bound give\i by the "no fog 
formation" equation . 
. 
3.2.2 Theoretical results versus Deposition Sampler data 
Deposition Sampler data were available from experiments 
performed at the Potomac Electric Power Plant. These data were 
graphically represented as moles of sulfuric acid condensed onto the 
deposition surface versus surface temperature for several different 
levels of • excess air (see Figure 3-3). Condensation rates were 
calculated from the data by dividing the number of moles of acid by 
the surface area of the deposition plate and by the exposure time of 
the Sampler to the hot gas stream. 
Because of the excellent agreement between the results of the 
Colburn analysis and those obtairted using Land's "no fog formation" 
equation-, these two theo·retical cases were assumed to be 
interchangeable. It was therefore convenient to plot the experimental 
condensation rates directly against the "Land" condensation rates and 
observe how closely the two theories (fog and no fdg) predicted the 
actual qiass transfer behavior. In order to cross-plot the 
experimental data onto the "Land" graph, a relationship was needed 
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between the level of excess air and the S03 concentration of the flue 
gas. The experimental relationship of Figure 3-4 was used for this 
purpose. A linear curve fit to the data of this figure yielded~ 
relationship between 
throughout the analyses. 
these two parameters which was employed 
-
ppm S03 - 0.5(percent 02) + 0.1 (3. 4) 
For instance, the used of two percent excess air (02) resulted in 
0.5(2) + 0.1 -- 1.1 ppm S03 
The so3 concentration was chosen which corresponded to a certain 
excess air level. The experimental condensation rates were then non-
dimensionalized by the factor • given by (3. 1) . Finally, the acid 
dewpoint was evaluated through the Banchero correlation, (2.33). 
Through this procedure it was possible to transpose the experimental 
results of Figure 3-3 onto Figures 3-5 through 3-8. 
The data versus theory comparisons of Figures 3-5 through 3-8 
show that there is some substance to Land's hypothesis. But due to 
the relatively few number of data point~ which exist, coupled with 
potentially large errors stemming from the uncertainty in the S03-o2 
·--~ relationship, as well as from other sources, it is difficult to obtain 
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• indication of the relative deviation between data and a precise 
theory. It • lS clear, however, that there is good qualitative 
agreement between the experimental rates and the results of Land's "no 
fog formation" equation (or the Colburn analys~s) for temperatures, 
less than 20 degrees Celsius. For (Td - T) greater than 
. p 0 
20 degrees Celsius, the experimental condensation rates declined 
,, 
drastically, the probable cause being fog formation. Ovet' this range 
• 
of temperatures, Land's super-saturation" equation 1S 
qualitatively accurate in predicting this behavior. 
3.3 Theoretical results for the APH flow passage 
Theoretical results for the condensation within an APB flow 
passage were obtained using the Colburn model, for a variety of power 
plant operating conditions. The cases of primary interest surround 
the effectiveness of the steam heater and of low excess air 
combustion in reducing cold end condensation. Another effort focused 
on a review of the difference in the mass transfer results obtained 
• using the theoretical acid dewpoint method and the Banchero 
correlation, (2.33). Further, finite difference and Land analyses 
• 
• 
were performed for the APH flow passage under part and full load 
conditions, respectively, in order to examine the accuracy of the 
Colburn results. 
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Two sources of experimental results were available for a 
comparison with theory. There were data which showed how the S03 
concentration at the APB exit varied as a function of the inlet S03 
concentration. These data were plotted versus theoretical sulfuric 
acid axial depletion calculations. The second source was created by 
applying the Deposition Sampler data to the APB flow passage analysis. 
The method by which this was accomplished is covered 
• detail • 1n 1n 
' 
[12] . 
• 
Four different APB temperature . distributio·ns (pietal and gas) 
. .,.. ,. '-- I 
-
were taken from the heat··transfer results of Sarunac [20] and applied 
in the theoretical condensation analyses. They are repTesentative Qf 
the following power plant operating conditions; ·-
1. Full load, SAH on 
2. Full load, SAH off 
3. Part load, SAH on • 
4. Part load, SAH off 
It • 1S important to stress that Sarunac's heat transfer model is I!, 
presently being calibrated and verified and the accuracy of its metal 
temperature calculations is unknown. The theoretical mass transfer 
results are strongly dependent upon the assumed metal temperature 
distribution, and the local heat transfer coefficients. These 
' 
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1two quantities are the cause of a major source of uncertainty in the 
accuracy of the theoretical condensation rate. 
The results of the theoretical analyses were plotted as moles of 
sulfuric acid deposited during one APH revolution versus the distance 
from the cold end of the heat exchanger. Only the cold and cold 
intermediate sections were modelled, and the interface between these 
two sections is located at a distance of .305 meters (12 inches) from 
the cold end. The figures presented in Sections (3.3) contain only 
the results of the Colburn analyses. Unless otherwise specified, the 
power plant was analyzed under full load operating conditions and the 
experimental dewpoint correlation was employed. 
3.3.1 Effect of the steam air heater on cold end condensation 
The steam air heater raises the cold end temperature of the APH 
by preheating the cold, incoming combustion air. Due to the uneven 
nature of this heating, a radial temperature gradient is imposed on 
the heat exchanger surfaces. The results presented in Figures 3-9 
through 3-11 represent the mass transfer within a flow passage at a 
specific radial distance from the APB • axis. When heat transfer 
results become available for other radial positions, it will be 
possible to perform a more complete evaluation of the effectiveness of 
the SAH in reducing cold end acid deposition. 
The curves of Figures 3-9 through 3-11 display only the flue gas 
1K 
half of the mass transfer analysis. These figures illustrate that by 
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off (1 percent o2, gas side only) 
91 
.. ,, 
.. 
... 
-~ . 
-5 5.0xlO 
N 
a 
(gm;moles) 
m -rev 
SAH on 
i/ 
SAH off 
~ 
0.0 _.. __ __. __________ ..... _________ __. ____ .._.. _____________ __..., 
0.0 0.25 0.50 0.75 
z (meters from cold end) 
Figure 3-10 Theoretical results of Colburn model: SAH on vs. SAH 
off (2 percent 02 , gas side only) 
92 
.. 
( 
... 
• • 
. " . 
.. 
-5 5.0xlO 
N 
a 
(gm2moles) 
m -rev 
SAU off 
~ 
SAH on 
~"' 
0.0 -6-____ .._ ________ _,_ __________ _. ___________________ ___ 
0.0 0.25 0.50 0.75 
z (meters from cold end) 
Figure 3-11 Theoretical results of Colburn model: SAB on vs. SAB 
off (3 percent o2 , gas side only) 
93 
• 
-.. 
• • 
I 
J 
' 
• 
• 
-5 5.0xlO 
N 
a 
(gm2moles) 
m -rev 
•' 
SAH off 
,/ 
0.0 -,.----------------.-......1i---------------------------------
0.0 0.25 0.50 0.75 
z (meters from cold end) 
Figure 3-12 Theoretical results of Colburn model: SAH on vs. SAH 
off (1 percent o2 , gas and air sides) 
.... . 
g4 ' 
" 
\ 
• 
. . 
.. 
I 
., 
~ .· 
.. 
.. 
• 
-5 6.0xlO 
N 
a 
csm;moles) 
m -rev 
\ 
... 
SAH off 
I 
0.0 _..,. _________________ ....,. ____ __. ________ ...,... ______________ .. 
0.0 0.25 0.50 0. 75 
z (meters from cold end) 
Figure 3-13 Theoretical results of Colburn model: SAH on vs. SAH 
~- off (2 percent 02 , gas and air sides) 
g5 
. -
.. 
5 .Tucl0-5 
N 
a 
csm;moles) 
SAH off m -rev 
0.0 -,..----------------.....,..-------------------------------------.... 
0.0 0.25 0.50 0.75 
z (meters from cold end) 
Figure 3-14 Theoretical results of Colburn model: SAB on vs. SAH 
off (3 percent o2, gas and air sides) 
i• . 
96 
0 
.' 
.. 
if 
operating with the SAH on, the length of the flow passage which was 
covered by acid condensate was reduced by approximately 0.38 meters 
(15 inches). The same cases were also analyzed for 360 degree 
rotation of the APH, corresponding to condensation and evaporation 
from the metal surface as it flows through both the gas and air sides 
of the heat exchanger, respectively (see Figures 3-12 through 3-14). 
A comparison between thesell\wo sets of plots (3-9 through 3-11 versus 
3-12 through 3-14) reveals that during the half of the cycle during 
which the cold, incoming air flows through the APH passage, a large 
portion of the condensed liquid is evaporated into the air stream. In 
fact, for the cases where the SAH is on, 100 percent of the deposited 
acid is evaporated on the air side. 
3.3.2 High versus low excess air operation 
It is known that by reducing the level of excess air used during 
the combustion of coal, the concentration of 803 (and thus H2So4) in 
the flue gas is also reduced (see Figure 3-4). A comparison between 
the condensation rates predicted at low level excess air operation 
(one percent o2 , 0.6 ppm S03) and high level operation (three percent 
02 , 1.6 ppm S03) was made. The results contained in Figure 3-15 show 
the mass transfer response of the system to the level of excess air 
when the SAH • 1S not in operation . The peak condensation rates 
experienced at the two extreme • excess .. air levels are nearly 
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proportional to the respective inlet concentrations of S03 in the flue 
gas. This ratio was approximated by relating the highest points on 
the two acid deposition curves. 
peak rate at 3 percent o2 
peak rate at 1 percent o2 
,v 
-5 2.96x10 
-5 l.04x10 
- 2.85 
The corresponding ratio of S03 concentrations is 
1.6 ppm_ 
0.6 ppm 2.67 
Figure 3-16 shows the results of calculations which were carried out 
to obtain a comparion of high and low level excess air operation for 
the situation where the SAH is on and only the gas side condensation 
is considered. The predicted results for this case show that the 
deposition of acid is virtually eliminated by reducing the level of 
excess air from three to one percent. 
• 
3-.3.3 Theoretical acid dewpoint based on thermodynamic phase 
equilibrium model versus Banchero experimental correlation 
A comparison between the results obtained using the theoretical 
phase equilibrium acid dewpoint model and those obtained through the 
use of the experimental dewpoint correlation was made. The dewpoints 
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calculated by the former method were found to be approximately five 
degrees Celsius highef than those calculated using the empirical 
relation. Consequently, more net condensation was predicted when the 
theoretical method was employed as is seen in Figures 3-17 through 3-
19. 
There was a difficulty encountered which prohibits the use of 
the theoretical method for certain operating conditions. After APB 
metal temperatures dropped below a certain level, it was no longer 
possible to calculate the liquid mole fraction of water at the 
liquid/vapor interface. 
(2.56) 
xwi - 7 (x. ,T.)Psat (T.) 
W W1 1 W 1 
Since both the mole fraction, X . ' W1 and the tabulated activity 
coefficient, 
restriction 
P b/Psat (T.). W W 1 
7 are limited to values between zero and unity, a w' 
• lS placed on the acceptable values of the ratio 
Specifically, this ratio must never be greater than 
unity for this approach to give meaningful results. However, for a 
flue gas stream containing six percent water vapor by volume, this 
condition • 1S violated at metal temperatures below approximately 36 
degrees Celsius. Therefore, the theoretical dewpoint calculation 
method derived in Section 2.1.4 could not be used when the SAH was 
assumed to be off. 
• 
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3.4 Comparison of the Colburn APB model with other theoretical methods 
.. 
. ' 
3.4.1 Finite difference solution versus Colburn analysis for laminar 
flow regime 
The main purpose of performing a finite difference {FD) solution 
of the laminar diffusion equation was to provide a means of verifying 
the accuracy of the results obtained using the Colburn analysis for 
the situation where the power plant is operating at less than full 
-
load. Several simplifying assumptions were made to reduce the 
computational effort involved in the FD analysis. The most 
significant of these assumptions were the neglect of entrance effects 
associated with each section of APB baskets and the approximation of 
the velocity field by that for fully developed flow between parallel 
plates. The results of the comparison, shown in Figures 3-20 through 
3-25, illustrate that the analogy predicted higher mass transfer rates 
then the FD analysis, and that the deviation of the FD results from 
the Colburn results is within 50 percent over all of the conditions 
analyzed. However, it is felt that some of the discrepancy between 
the results can be attributed to the neglect of the hydrodynamic 
entrance effects in the FD solution. These effects act to increase 
the transport coefficients (heat, mass and momentum) by reducing the 
thickness of the viscous boundary layer where most of the resistance 
to these transport processes is contained. Further, it is encouraging 
that the shapes of the acid deposition curves are very similar for the 
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two· approaches. In conclusion, the relative similarity between the 
results of two extremely different approaches to the same problem 
suggests that both methods possess the same order of accuracy. Since 
the Colburn analysis requires much less computer time, it is preferred 
over the FD technique for the analysis of part load conditions at the 
power plant. 
3.4.2 Review of Land's equations applied to the APH problem 
~ 
Just as in the Deposition Sampler analysis, the results obtained 
for the APB flow passage using Land's "no fog formation" equation were 
virtually identical to those obtained using the Colburn model. The 
comparison of these two methods is graphically displayed in Figures 3-
26 through 3-28. Land's "no super-saturation" equation, which was 
intended to provide a lower limit on the acid condensation within an 
APH flow passge, predicted that there would be no net acid build-up 
for any reasonable operating condition. 
3.5 Comparison of theoretical APB flow passage calculations with 
available data 
3.5.1 Axial depletion of sulfuric acid 
\,· 
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Figure 3-26 Colburn vs. Land "no fog formation" model: (1 percent 
o2 , SAH off, gas and air sides) 
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Figure 3-27 Colburn vs. Land "no fog formation" model: (2 percent 
o2 , SAB off, gas and ai
r sides) 
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Figure 3-28 Colburn vs. Land "no fog formation" model: (3 percent 
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Measurements were taken at the power plant to determine the S03 
concentrations at both the gas inlet and exit to the APH. The 
difference between these two concentrations is a measure of the amount 
of sulfuric acid condensed. within the heat exchanger. The 
concentration of S03 (or H2S04) detected in the exit duct is dependent 
upon where within the duct the sample is taken. This is because the 
APB metal temperatures, and thus the degree of acid condensation, vary 
significantly around the circumference of the heat exchanger. If the 
so3 measuring device is placed near the exit of APH, the reading is 
sensitive to precisely where the device is located. However, if the 
readings are taken far enough downstream of the APH exit, the 
turbulent • • m1x1ng process will diminish any concentration gradients 
which exist across a plane normal to the primary flow direction. 
Information on the exact location of the S03 instrument for this set 
of data was not available to this author. As an alternative, 
theoretical results were obtained for several different locations. 
The axial depletion was analyzed at the beginning, middle and end of 
the gas phase .of a flow passage rotation using both the theoretical 
and experimental dewpoint calculations. 
The results of this compa~ison are presented in Figures 3-29 
through 3-34 using linear approximations to both sets of results. The 
relative agreement between data and theory is closest for either 
dewpoint method when the flow passage is at the beginning of the gas 
phase of its cycle. Discrepancies between the two results are 
116 
.. 
I 
I 
/ 
.... 
.. 
,.J:a ,. 
~ ' 
• 
2.0 
1.5 
ppm S03 
• 1n 
1.0 
0. 5 -
'data 
0.0 
0.0 0.5 1. 0 1.5 2.0 
ppm S03 out 
Figure 3-29 Variation of S03 throughout the APH: Data vs. Colburn 
model (full load, SAH on, Banchero dewpoint 
correlation, flow passage at beginning of gas phase) 
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Figure 3-30 Variation of S03 throughout the APH: Data vs. Colburn 
~ 
model (full load, SAH on, Banchero dewpoint 
correlation, flow passage at middle of gas phase) 
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Figure 3-31 Variation of S03 throughout the APH: Data vs. Colburn 
model (full load, SAH on, Banchero dewpoint 
correlation, flow passage at end of gas phase) 
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Figure 3-32 Variation of S03 throughout the APH: Data vs. Colburn 
model (full load, SAH on, theoretical acid dewpoint, 
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Figure 3-33 Variation of S03 throughout the APB: Data vs. Colburn 
model (full load, SAU on, theoretical acid dewpoint, 
flow passage at middle of gas phase) 
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Figure 3-34 Variation of S03 throughout the APH: Data vs. Colburn 
model (full load, SAH on, theoretical acid dewpoint, 
flow passage at end of gas phase) 
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seen to grow progressively larger as the passage moves closer to the 
end of its gas phase. The correlation seen here is encouraging, 
however, the effect of the S03 instrument location upon the detected 
exit concentrations should be analyzed to better evaluate tlie accuracy 
of the theoretical analysis. 
3.5.2 APB analysis using Deposition Sampler data 
/' 
The primary function of the Deposition Sampler is to aid in the 
i. 
prediction of sulfuric acid condensation-:-, w{ thin an APB flow passage. 
\ 
The objective of performing an APH mass transfer analysis using the 
Sampler data was ·to evaluate how accurately this function was 
accomplished. In order to make this assessment, the results of such 
an analysis were directly compared to the theoretical results obtained 
from the Colburn model. 
The range of surface temperatures over which the Sampler data 
was collected (75-130 degrees Celsius) prohibited an analysis from 
being performed for the situation where the SAH was off. Cold end 
metal temperatures extend well below the lower limit of the data for 
this case and mass transfer calculations could not be made. In 
addition, the results of Sarunac [20] were not available when this 
analysis was executed. Therefore, the APH metal temperatures were 
approximated with data taken from thermocouple readings within the 
I 
t 
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unit. The temperatures taken from these readings were extrapolated 
throughout the heat exchanger, creating the required distribution. 
The procedure developed to analyze the APH condensation using 
the Deposition Sampler data 
• lS not nearly as ·rigorous as is the 
Colburn analysis. Only the gas side condensation was considered (both 
gas and air side evaporation were neglected) and the axial depletion 
of sulfuric acid was neglected. In this way, it was possible to 
determine the acid deposition at any discrete axial position without 
considering the influence of the upstream behavior. The analysis is 
covered in detail in [12]. 
Figures 3-35 and 3-36 show the results of the comparison at one 
and three percent • excess air. At three percent excess air, the two 
acid deposition curves show basically the same structure. As one 
moves from the hot to the cold end of heat exchanger, both curves 
• 
reach a maximum, and then drop off sharply. In the theoretical 
analysis, the decline is the result of the axial depletion of acid, 
whereas for the Sampler data, it is probably due to the formation of 
fog. The correlation is poor between data and theory at one percent 
• 
excess air. A possible explanation is that the S03-o2 relationship 
reported in Figure 3-4 could be quite different than the relationship 
which existed during the collection of the Sampler data. This could 
represent a significant source of error for comparisons in this 
operating region. 
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Figure 3-35 Results of APB analysis: Colburn model vs. use of 
Deposition Sampler data (full load, SAH on, 1 percent 
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Figure 3-36 Results of APH analysis: Colburn model vs. use of 
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CHAPTER 4 
SUlDlARY AND CONCLUSIONS 
4.1 Review of the problem 
Corrosion of the metal surfaces and plugging of the flow 
passages in a regenerative air preheater are problems which result 
from sulfuric acid vapor condensing out of flue gases in a coal-fired 
power plant. A detailed study of the physics of this problem has 
resulted in the development of a mass transfer model, based on the 
Chilton-Colburn analogy, which has been used to predict the acid 
condensation rates within th·e APH flow passages over a wide range of 
power plant operating conditions. 
4.2 Summary of results 
4.2.1 Deposition Sampler analysis 
The results of the theoretical Deposition Sampler analysis 
·indicated that as surface temperatures drop below the acid dewpoint of 
the flue gas, the rate of condensation rapidly approaches, its maximum 
value . Further, it was demonstrated that the maximum, or limiting, 
.. 
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condensation rate is directly proportionai to the S03 concentration in 
the gas stream. 
A • comparison between the theoretical results and Deposition 
Sampler data was performed. The Colburn analysis shows good 
qualitative agreement with the data for surface temperatures within 20 
degrees Celsius beneath the acid dewpoint. At surface temperatures 
greater than 20 degrees Celsius below the dewpoint, the experimental 
mass transfer rates are drastically reduced. This reduction is 
normally attributed to the formation of a mist of sulfuric acid and 
water vapor which does not readily diffuse to the surface. Land's "no 
super-saturation ft equati.on qualitatively predicts the mass transfer 
behavior over this range of temperatures. 
4.2.2 Air preheater analysis 
There were two sets of theoretical results which should prove to 
be helpful in determining an optimal operating condition. An 
investigation was made into the ability of the steam air heater to 
reduce cold end condensation by raising cold end metal temperatures. 
The results, which are only available for one radial location on the 
heat exchanger, indicated that by using the SAH the amount of metal 
surface exposed to acid condensate was reduced by approximately 0.38 
meters (15 inches). The effect of using low levels of excess air 
during combustion was also a subject of theoretical inquiry. The 
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results suggested that the local condensation rates are substantially 
reduced during low o2 operation. The percentage of 
the reduction is 
. " 
dependent upon the concentration of S03 produced by operating at a 
~ certain excess air level. 
The theoretical results of the Colburn APB analysis were 
reviewed against two other theoretical methods. The equations of Land 
• 
provided one source of comparison. The results of Land's "no fog
 
formation" case are within four percent of the Colburn results. When 
Land's "no super-saturation" rate equation was employed, no net acid 
deposition was predicted to occur after one complete APB revolution. 
A finite difference analysis of the laminar diffusion equation was 
executed for the part load power plant condition. Although numerous 
simplifying assumptions were invoked to facilitate the FD solution, 
the results of the analysis deviated by no more than 50 percent with 
the Colburn results, and the average deviation was significantly less 
than the • maximum. Since the Colburn analysis requires much le
ss 
computational effort, it 
• lS preferred over the finite difference 
technique for the analysis of part load conditions. 
Experimental data provided the final test of the accuracy of the 
Colburn mass transfer model. The experimental results for axial
 
depletion of sulfuric acid were plotted versus the results of the 
theoretical analysis. The extent of axial depletion varies throughout 
the rotation of an APH flow· passage. Theoretical results agreed . 
closest with the data when the flow passage was analyzed at the 
129 
beginning of the flue gas half of its revolving path. The discrepancy 
between data and theory increased for flow passage positions 
corresponding to the middle and end of the gas phase. 
In an attempt to evaluate the extent to which the Deposition 
Sampler data can be applied to the APH problem, a comparison was made 
the results of a theoretical APH analysis and one performed 
the Sampler data. Although the results were inconclusive, the 
comparison raised two important • issues. One is that there is not 
enough Sampler data available to perform a thorough APH analysis. In 
particular, data are needed for surface temperatures lower than those 
which already exist (75 degrees Celsius minimum). This additional 
data would allow mass transfer calculations to be made in the region 
where APH metal temperatures fall below this level. The other issue 
concerns the relationship between the 803 concentration of the gas and 
the level of excess air used during combustion. It is believed that 
the S03-o2 relationship which characterizes the Deposition Sampler 
data is different than that reported in Figure 3-4 and used elsewhere 
in the analysis. Since the S03 concentration is the important 
parameter for the theoretical analysis, the data should contain this 
information, at least until the S03- o2 relationship is accurately 
known. 
130 
I 
• 
• 
4.3 Concluding remarks 
• 
• 
4.3.1 Deposition Sampler 
The concept of the Deposition Sampler proved to be helpful in 
the preliminary stages of development of the APH mass transfer model. 
If the issues raised in the preceeding paragraph are addressed, and 
the differences in the mass transfer behavior of the gas inlet duct as 
compared to the cold end of the APH are resolved, the Sampler may also 
provide insight into the phenomenon of acid deposition within the air 
preheater. At present, the Deposition Sampler is the only means 
available to estimate the reduction in mass transfer due to fog 
formation. As such, it is a potentially valuable instrument which 
merits a more thorough experimental and theoretical investigation. 
4.3.2 Air preheater mass transfer model 
The mass transfer model based on the Chilton-Colburn heat/mass 
transfer analogy utilizes an efficient co~putational scheme to 
calculate the rates of condensation within an air preheater flow 
passage. The mass transfer results are sensitive to the assumed 
values for the heat transfer coefficients and the gas and metal 
temperatures within the APH. Because the heat transfer model is still 
being refined, the reader is cautioned against applying the numerical 
results. However, by studying the qualitative trends of the 
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theoretical results, the mass transfer response of the APH to 
variations • 1n the power plant operating conditions is better 
understood. Once the relationship between the condensation results 
' 
and the plugging/corrosion problem is developed, a large step will 
have been taken towards optimizing power plant performance. 
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CHAPTER 6 
IECOlOIENDATIONS FOR FUTURE RESEARCH 
6.1 Introduction 
• 
References were made in the previous chapter regarding the need 
for gathering more extensive experimental data. There are also 
theoretical topics which have either not been covered satisfactorily 
or have not been addressed at all. By exploring some of these areas 
in more depth, a more accurate and complete mass transfer model can be 
developed. 
6.2 Deposition Sampler 
The first recommendation • 1S that once sufficient Deposition 
) 
Sampler data become available, a rigorous APH condensation analysis 
should be performed using these data. Effects such as axial depletion 
0£ H2so4 as well as gas and air side evaporation should be included. 
In short, this analysis should be as thorough as the theoretical APH 
analysis. 
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6.3 Physical processes contained within the mass transfer model 
Certain potentially important physical aspects of condensation 
. 
within the APH were not examined in this study. The influence of the 
build~up of the liquid condensate film has thus far been neglected. 
In the small flow passages of the heat exchanger, the liquid film 
could represent a resistance to mass transfer which is comparable to 
that of the gaseous phase. If thick enough, the film may also effect 
the flow velocity of the • main stream of gas inside the passage . 
Another issue of importance is the formation of fog within the APH. 
At present, only the Deposition Sampler data are available to 
calculate the mass transfer associated with this occurrence. An 
effort should also be made to develop a theory which adequately 
describes this phenomenon. 
5.4 Analytical methods 
The theoretical approach to calculating the acid dewpoint of 
flue gas (Section 3.2.4) failed at temperatures below approximately 36 
degrees Celsius. The reason for this failure, in terms of the 
equilibrium thermodynamics derived for this analysis, is not yet 
apparent. It is recommended that research be conducted to determine 
why this approach £ail·ed at low temperatures and what can be done to 
amend the situation. 
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There are three different driving potentials which can be 
analyzed in a gas/liquid mass transfer problem. They are the gas 
phase, liquid phase and overall gas/liquid potentials. The nature of 
the specific problem dictates which method is preferred. In the 
Colburn mass transfer analysis, the gas phase driving potential of 
sulfuric acid, (Ca00 - Cai)' seemed the logical choice since the free 
stream concentration of acid, Ca00 , at the APH inlet was given and the 
interfacial concentration, Ca., could be calculated through the method 1 
described in Section 2.1.6. 
An overall mass transfer coefficient approach is more difficult 
to execute than a purely gas phase analysis. The overall, or two 
phase, method is covered in detail by Geankoplis [14]. Two basic 
differences exist between the overall and gas phase concepts. In the 
gas phase approach, the mass transfer coefficient, Ka, is calculated 
by considering only the gas side resistance to mass transfer. With 
the overall method, the coefficient contains weighted contributions 
f ram the resistances .contained in both the liquid and gaseous phases. 
The other basic difference is that in the gas· side analysis, the term, 
C., represents the concentration of condensing vapor which exists in 
1 
thermodynamic equilibrium at the liquid/vapor interface. The 
analogous term in the two phase analysis represents the concentration 
of condensible vapor which would exist in equilibrium with the bulk 
liquid concentration of the condensed subs~ance. Therefore, the 
number of moles of both condensing components, sulfuric acid and 
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water, must be known at each instant. This implies that the mass 
transfer equations for both components would have to· be solved 
simultaneously. In Section 2.1.5, this issue was addressed by 
attempting to use a Runge-Kutta integrator to solve the set of 
equations, (2.53) and (2.54). Difficulties were encountered and the 
Runge-Kut ta technique was dropped favor of the 
interfacial • 1n 
assumption approach. 
It may be worthwhile to re-investigate the possibility of 
simultaneous solution of the two diffusion equations. This would both 
provide a means of verifying the critical interfacial assumption which 
was made (see Section 2.1.6) and of comparing the relative magnitudes 
of the mass transfer resistances contained within the liquid and 
gaseous phases of the mixture. 
. -
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NOMENCLATURE 
(unless otherwise specified within the text) 
2 
.A - area [m J 
Ac - cross-sectional area [m2J 
2 A - surface area [m] s 
At,Bt,Ct,Dt - variables in (2.97) 
C - mass concentration [~] 
m 
Cf - skin friction coefficient 
J Cp - specific heat [gm-K] 
D - diameter [m] 
2 
m Dm - mass diffusivity [sec] 
dx - incremental width of Deposition Sampler [m] 
f - fugacity [atm] 
g - acceleration due to gravity [ m 2] 
sec 
Gr - Grashof number 
h - heat transfer coefficient (: ] 
m -K 
hD - mass transfer coefficient [s:c] 
ht - height of flow passage [m] 
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jD - Chilton-Colburn j-factor for mass transfer 
jH - Chilton-Colburn j-factor for heat transfer 
K - mass transfer coefficient [ ~m-moles J 
m -sec-atm 
w 
Kt - thermal conductivity [m_K] 
L - length [m] 
Le - Lewis number 
M - molecular weight [ gm J gm-mole 
K(bold) - coefficient matrix (2.98) 
m - mass [gm] 
. dm gm 
m - dt [sec] 
n - moles [gm-moles] 
. dn [gm-moles] 
n - dt sec 
N _ ~ [gm-m~les] 
m 
-
np - number of nodal points at an axial location 
p,q(bold) - vectors in (2.98) 
P - .pressure [atm] 
Per - perimeter [m] 
ppm - parts per million by volume 
Pr - Prandtl number 
Psat - saturation pressure [atm]. 
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w q - heat flux [~] 
m 
R - outer radius of APH [m] 
Re - R~ynolds' number 
.. 
Re0 - Reynolds' number based on hydraulic diameter 
Ro - Rotational number 
Sc - Schmidt number 
T - temperature [K] 
t - time [sec] 
t - residence time of gas within APB flow passage [sec] 
res 
t - period of rotation of APH [sec] 
rot 
u - streamwise velocity [ m]. 
sec 
m U - free stream velocity [ J sec 
v - velocity normal to free stream (y-direction) [ m J sec 
V - volume [m3J 
w - width [m] 
x - liquid mole fraction 
y(bold) - vapor mole fraction 
y - coordinate normal to free stream [m] 
y+ - dimensionless coordinate normal to free stream 
z - streamwise coordinate [m] 
. "" / 
I 
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m 
a - thermal diffusivity [sec] 
p - volume coefficient of expansion [K-l] 
~h - thickness of liquid film of condensate [m] 
6 - hydrodynamic boundary layer thickness [m] 
"t 
6t - thermal boundary layer thickness [m] 
7 - activity coefficient 
µ - absolute viscosity [ gm J m-sec 
2 
m 
v - kinematic viscosity [sec] 
¢ - variable (2.82) 
p - gas density [g;] 
m 
8 - radial coordinate [radians] 
. radians 
w - angular velocity [ J 
sec 
, - thermodynamic equilibrium function (2.58) 
subscripts 
a - sulfuric acid 
ave - averaged 
b - bulk, or mass averaged 
c - referring to condensation 
I 
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CS - control surface 
CV - control volume 
g - gas 
h hydraulic 
i - interface 
in - entering CV 
inlet - inlet to APB 
j - referring to component ."j" 
m - logarithmic mean 
• max - maximum 
new - present time step 
o - condition at the wall or surface 
old - previous time step 
out - exiting CV 
w - water 
z - referring to free stream direction 
oo - free stream conditions 
superscripts 
L - liquid 
SL - saturated liquid 
SV - saturated vapor 
V - vapor 
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